The substitution of dietary docosahexaenoic acid (DHA) with eicosapentaenoic acid (EPA) reduces larval growth in gilthead sea bream. However, the value of EPA when dietary DHA is able to meet the requirements of the larvae has not been sufficiently studied. Dietary phosphoacylgliceride levels also affect fish growth and it has been suggested that they enhance lipid transport in developing larvae. The present experiment was carried out to further study the effect of dietary lecithin and eicosapentaenoic acid on growth, survival, stress resistance, larval fatty acid composition and lipid transport, when DHA is present in the microdiets of gilthead sea bream. Eighteen thousand gilthead sea bream larvae of 4.99 ± 0.53 mm total length were fed three microdiets tested by triplicate: a control diet [2% soybean lecithin (SBL) and 2.89% EPA], a low EPA diet (2% SBL and 1.63% EPA) and a no SBL diet (0% SBL and 2.71% EPA). Handling, temperature and salinity tests determined larval resistance to stress. The results show that when dietary DHA levels are high, but dietary arachidonic acid (ARA) levels are about 0.2%, EPA is necessary to improve larval growth, and survival. Larval EPA content, but not DHA or ARA, was affected by dietary EPA levels. Increased dietary EPA improved larval stress resistance to handling and temperature tests, which could be related to its possible role as a regulator of cortisol production, whereas it did not affect stress resistance after salinity shock. Larvae fed the no SBL diet showed a lower lipid content characterized by a low proportion of saturated and monounsaturated fatty acids, together with a significant reduction in the appearance of lipoprotein particles in the lamina propria and in the size of such particles, denoting a critical reduction in dietary lipid transport and utilization, and lower larval growth and survival rates.
INTRODUCTION
Larval rearing success is greatly influenced by first feeding regimens and the nutritional quality of starter diets. Although at present most marine fish larvae are fed live prey, such as, rotifers and Artemia, great effort has gone into the development of inert diets that would be able to sustain high larval growth and survival rates. Dietary lipids are recognized as one of the most important nutritional factors affecting larval growth and survival. 1 However, dietary lipid utilization and lipid transport seems to be delayed in marine fish larvae fed certain types of inert diets. It has been suggested that diets with a low content of phosphoacylgliceride (PL) reduce lipid transport from enterocytes to hepatocytes in larvae. [2] [3] [4] Feeding larval gilthead sea bream diets without lecithin supplementation causes the accumulation of lipid vacuoles in the basal zone of the enterocyte and steatosis in the hepatic tissue. 4, 5 However, such lipid accumulation both in the liver and gut is markedly reduced by a 2% addition of soybean lecithin, which enhances the lipid transport activity in both organs. 5, 4 Kanazawa et al. have also postulated that fish larvae have a limited ability to synthesize phospholipids to form lipoproteins and consequently require the presence of dietary phospholipids to provide these serum carriers during rapid growth periods, such as, larval develop-
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Jingle LIU, 1 Maria José CABALLERO, 2 Marisol IZQUIERDO, 2, * Tamer EL-SAYED ALI, 3 Carmen María HERNÁNDEZ-CRUZ, 2 Antonio VALENCIA 2 AND Hipólito FERNÁNDEZ-PALACIOS Chemical Feed, Tokyo, Japan), an oil rich in docosahexaenoic acid (DHA) but lower in eicosapentaenoic acid (EPA) than fish oil. Finally, in the third diet, soybean lecithin was substituted by oleic acid. This was called the 'no SBL' diet. All ingredients were pulverized in a Cyclotec 1093 Sample Mill (Tecator, Hoganas, Sweden) because attractants and mineral mixtures may contain thick crystals. The ingredients were then mixed in a mortar and afterwards mixed with gelatin that had been dissolved in water at 80°C. The paste was pelleted and dried in an oven at 40°C for 24 h. The resulting pellets were ground in a miller (Cyclotec 1093 Sample Mill, Tecator) and sieved to obtain a particle size of 150-250 mm.
Larvae were fed the experimental diets for 15 days at a rate of 2.0-4.5 g/day (based on our 12 years experience with microdiets for gilthead sea bream) by automatic feeders during the 12 h of light. Rotifers cultured on baker's yeast, were added to the tanks twice daily at 13:00 h and at 17:00 h to maintain a concentration of 3.5 individuals/mL in the rearing tanks. The tanks were siphoned daily in order to keep them clean.
Larval growth was determined by measuring the total length of 30 larvae at the beginning (18-dayold larvae), middle (26-day-old larvae) and end of the experiment (33-day-old larvae) with a profile projector (Nikon V-12, Nikon Co., Tokyo, Japan). Larval survival was determined by manually counting all the live larvae at the end of the experiment. Larval resistance to stress was determined by three different tests that were carried out at the end of the experiment: ment. 6, 7 Besides, the ability of dietary n-3 highly unsaturated fatty acids (HUFA) with 20 or more carbon atoms and three or more double bonds to enhance lipid transport has also been suggested by other authors. 4, 8 But until now, the effect of both nutrients on lipoprotein formation in the larval gut has not been studied in detail.
The importance of docosahexaenoic acid (DHA) as an essential fatty acid for marine fish larvae has been pointed out in previous reports. [9] [10] [11] [12] Eicosapentaenoic acid (EPA) has also been shown to be essential when DHA was absent from the diet, and it has important functions in larval lipid metabolism. 11 The substitution of dietary DHA with EPA significantly reduces larval growth in gilthead sea bream, however, the value of EPA when dietary DHA is able to meet the DHA requirements of the larvae has not been sufficiently studied. 13 The aim of the present experiment was to further study the effect of dietary lecithin and eicosapentaenoic acid on growth, survival, stress resistance, larval fatty acid composition and lipoprotein formation, when DHA is present in the microdiets of larvae.
MATERIALS AND METHODS
Eighteen thousand 18-day-old commercially produced gilthead sea bream larvae (4.99 ± 0.53 mm total length, mean ± SD; 0.03 mg dry body weight) were randomly distributed in nine fiberglass cylindrical tanks (2000 individuals per tank). Tanks, with a capacity of 100 L, were provided with 50 mm mesh filtered seawater at a rate of 100-125 mL/min, which flowed out through a 300 mm mesh to remove the non-ingested food. Water temperature (18.8 ± 0.3°C) and a photoperiod of 12 h artificial light were kept constant during the experimental period. No microalgae were added to the rearing tanks.
Three isoproteic and isocaloric diets were tested by triplicate (Table 1) , all of them were based on whole squid meal, an ingredient with a good nutritional value and growth promoting factors in microdiets for gilthead sea bream. Since the importance of dietary lecithin in defatted squid meal based diets has been already emphasized in our former experiments, whole squid meal was used in the present experiment to test more practical diets and the importance of dietary lecithin when dietary polar lipids are not completely depleted. 4, 5, 8 The first diet was a sardine oil based control diet containing 2% soybean lecithin (60% polar lipids; Acofarma, Tarrasa, Barcelona, Spain;). The second diet was a low EPA diet where fish oil was substituted by oleic acid and DHA27 (Nippon
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At the end of the experimental period, all the remaining larvae and microdiets were deposited in plastic bags and stored at -80°C until the analysis of proximal composition. Moisture and dietary protein contents were determined according to Association of Analytical Chemists (AOAC) methods and crude lipids were extracted as described previously by Folch et al. 16, 17 Fatty acids of methyl esters were obtained by transesterification with 1% sulfuric acid in methanol using heneicosaenoic acid (10% of total lipids) as an internal standard. 18 The fatty acid methyl esters obtained were separated by gas chromatography (Shimadzu GC-14 a, Kyoto, Japan) run at the operating conditions described previously by Izquierdo et al., they were quantified by flame ionisation detectors (FID) and identified by comparison to well characterized external standards. 19 Dietary polar lipids were separated by thin layer chromatography in S-II Chromarods (Iatron Laboratories, Tokyo, Japan), using methyl acetate : isopropanol : chloroform : methanol : 0.25% KCl (25:25:25:10:9) as a solvent system, and quantified by Iatroscan (Iatron Laboratories).
For the histological study 33-day-old larvae (10 larvae per tank) were anesthetized and fixed in 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.2) containing 3.5% sucrosa at 4°C. Afterwards, samples were rinsed in cacodylate buffer, postfixed in 2% osmium tetroxide in 1.5% potassium ferricyanide, contrasted in 1.5% uranyl acetate and dehydrated in ethanol and propylene oxide before embedding in Epon/Araldita. Semithin sections (1 mm) were stained with toluidine blue. Ultrathin sections (50 nm) were contrasted with 2% lead citrate and observed in a JEOL 1200EX transmission electron microscope (JEOL USA, Peabody, MA, USA). Lipoprotein size and number of lipoprotein particles per unit area were calculated by counting and measuring these particles in 20 serial squares of 0.625 mm 2 applied in the lamina propria and intercellular space among enterocytes of three larvae selected from each treatment.
Data were statistically analyzed with the software statgraphics plus for Windows 3.1 (Statistical Graphics Corp., Englewood Cliffs, NJ, USA) using one way analysis of variance (anova) and the Tukey test (P < 0.05) for multiple comparison of means was applied. Data on survival rates, expressed as percentages, were normalized by the arcsine transformation and the Tukey test (P < 0.05) for multiple comparison of means applied.
RESULTS
Analysis of the fatty acid composition of the diets showed that the low EPA diet was characterized by lower saturated fatty acids and higher monounsaturated fatty acids, due to the replacement of fish oil by oleic acid and it also contained 45% less EPA than the control diet ( Table 2 ). The no SBL diet was lower in n-6 fatty acids, particularly 18:2n-6, and higher in 18:1n-9 than the control diet due to the substitution of the soybean lecithin by oleic acid.
Larval survival at day 32 after hatching was significantly lower in larvae fed diets with reduced amounts of either EPA or SBL (Table 3) . Survival after stress resistance tests of larvae fed the no SBL diet did not significantly differ from the control (Table 3) . However, survival rates of larvae fed the low EPA diet were lower, being significantly different from the control larvae when temperature shock was applied.
Larvae fed the low EPA diet showed a consistent reduction of growth that, at the end of the experiment, lead to significantly smaller larvae than those fed the control diet (Fig. 1 ). Feeding larvae with the no SBL diet resulted in a 32.55% reduction of larval average daily growth rates in comparison with larvae fed the control diet during the first 8 days of experiment and a 15.13% reduction during the last week. As a result, at the end of the experimental period the larvae fed the no SBL diet were significantly smaller than those fed the control diet (Fig. 1) .
The initial fatty acid composition of the larvae was higher than the final fatty acid composition in the larvae in 18:2n-6 and 18:3n-3 reflecting the previous feeding with Artemia nauplii (Table 4) . Larvae fed the low EPA diet reflected the fatty acid composition of the diet showing higher monounsaturated fatty acid content (specially a 3% higher oleic acid), and lower n-3 fatty acid content (spe-cially a 1.3% lower EPA) than larvae fed the control diet. Larvae fed the no SBL showed lower lipid content, lower saturated and n-6 fatty acid content and a relatively higher n-3 HUFA content than larvae fed the control diet.
In the anterior and middle region of the gut some lipid vacuoles located mainly in the apical part of enterocytes were observed for those larvae fed the control and low EPA diets (Fig. 2) . Ultrastructural studies showed a lower presence of lipoprotein-like particles (mean LP size of 0.0816 mm, n = 25) in the lamina propria of gut from larvae fed the no SBL diet than in larvae fed either the control (mean LP size of 0.132 mm, n = 50) or EPA diet (mean LP size of 0.106 mm, n = 50; Figs 3-5).
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DISCUSSION
Reduction of EPA dietary levels from 2.89 to 1.63 (% dry weight) reduced larval survival, resistance to stress and growth, despite the presence of high dietary DHA. Eicosapentaenoic acid content was reduced in larval lipids. The incorporation of dietary DHA or arachidonic acid (ARA) into larval lipids was not affected by the dietary EPA levels. These results suggest the importance of the presence of EPA in larval lipids, at least when dietary ARA is low. Eicosapentaenoic acid has been shown to be essential for growth in the absence of dietary DHA in larvae of other sparids, flatfish and yellowtail. 9, 20, 21 In the present experiment, EPA was also shown to be essential for gilthead sea bream in the presence of high dietary DHA levels. This has also been found in Japanese flounder. 22 As a polyunsaturated fatty acid, EPA may be as important in the regulation of membrane fluidity and functions in fish as it has been shown to be in higher vertebrates. 23 Thus, it contributes to the polyunsaturated fatty acid (PUFA) requirements of the larvae. For example, its presence in live prey enhances development of brain and eye. 20, 24 However, its value as a precursor of eicosanoids may partly cover the larval requirement for these compounds when dietary ARA is as low as in the present experiment (0.20%). Its value as an essential fatty acid for gilthead sea bream when dietary ARA levels are high remains to be clarified. Values having the same superscripts in the same column are not significantly different (P < 0.05; n = 3). EPA, eicosapentaenoic acid; SBL, soybean lecithin. Fig. 3 Appearance of lipoprotein particles in the lamina propria of gut from larvae fed the control diet. LP, lipoprotein particles; BL, basal lamina (¥25 000). Fig. 4 Appearance of lipoprotein particles in the lamina propria of gut from larvae fed the no soybean lecithin (SBL) diet (¥20 000). stress resistance of juvenile gilthead sea bream by inhibition of the plasma cortisol levels induced by chronic, acute and repetitive stress. 25 Besides, EPA, together with ARA and DHA, has been shown to regulate steroidogenesis in different hormone Increased dietary EPA in control diets improved larval stress resistance to handling and temperature shock, which could be related to its possible role as a regulator of cortisol production. Increase in dietary EPA and DHA has been found to increase 1170
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J Liu et al. induced tissues of several species of fish and higher vertebrates. 26, 27 However, stress resistance after salinity shock was not improved by elevation of dietary EPA, as it has been also shown for Japanese flounder. 22 This suggests that at the EPA dietary levels assayed, this fatty acid does not have an important role in osmoregulation. Indeed, in the gills, an important osmoregulatory tissue for fish, higher contents of ARA and lower EPA/DHA ratios are found in this (Liu et al., unpubl. data, 2001 ) and other species. 28 Larvae fed the no SBL diet showed a lower lipid content characterized by a lower proportion of saturated and monounsaturated fatty acids than expected in comparison with their diet and the composition of the larvae on the control diet. In previous experiments with a similar type of diet for this fish species the analysis of the fatty acid composition of larval polar lipids showed that the depletion of 2% of the same type of soybean lecithin, reduces the incorporation of dietary ARA and DHA. 29 These effects seemed to be related to the observed reduction in the appearance of lipoprotein particles in the lamina propria and demonstrated the critical reduction in the transport and utilization of dietary lipids, which in turn lead to lower growth and survival rates. Reduced growth and survival caused by low dietary lecithin levels is well-documented in the larvae of marine and freshwater fish species. 4, [30] [31] [32] [33] [34] Salhi et al found a high incidence of lipid vacuoles in the intestinal mucose of gilthead sea bream larvae fed diets containing low PL levels. This was not observed in the present experiment. 5 That could be due to the higher PL lipid content derived from whole fat squid meal in the present experiment, this level being nevertheless insufficient to completely promote lipid transport and larval growth. Accumulation of lipid vacuoles has also been found in the enterocyte of PL deficient larval carp. 35 The presence of some lipid vacuoles in the apical cytoplasm and the large size of lipoproteins observed in larvae fed the control diet could be correlated with the nature of dietary fatty acids, mainly with high dietary n-3 HUFA levels. In this sense, Sire and Vernier found large lipid droplets and chylomicrons associated with a high proportion of dietary n-3 polyunsaturated fatty acids. 36 The fact that growth was more clearly reduced in these larvae between day 18 and 26 confirms that soybean lecithin, namely dietary PL levels, are more important in younger larvae, as it was shown by Koven et al. 37 This age-dependant effect of soybean lecithin could also explain that the stress resistance of the larvae was not affected by the dietary soybean lecithin content, despite the fact that increased dietary lecithin levels have been found to improve stress resistance in this and other species. 5, 29 The results of this study have shown that even when dietary DHA levels are high enough (4.96%) to cover the larval requirements for DHA and dietary ARA levels are about 0.2%, EPA is necessary to improve larval growth, survival and resistance to stress. It was demonstrated that dietary soybean lecithin markedly increases the appearance of lipoproteins in larval gut, enhancing lipid transport and promoting growth and survival in gilthead sea bream.
